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Abstract
The north breakwater protecting the Nazaré harbor was severely damaged during the storms of the 2012-2013 and 2013-2014
winters, with the complete destruction of the structure´s head, and about 30m of its body.
This structure is founded in a sandy foundation, and quite near of Nazaré canyon. The head and the immediate part of the
breakwater body were protected with a double layer of 40 ton tetrapods on a layer of 5-12ton rock blocks.
A topographic survey of the nearby sea floor showed a change in a secondary branch of the underwater canyon; which could
justify the destruction of the breakwater head, as the original design considered a maximum wave 9 m high; a new analysis
indicate a correct value for the design wave should be now 14 m.
Consequently the rehabilitation design considered then a 14 m design wave, and the protection of the breakwater head was
redefined as a double layer of 50 ton antifer blocks, with a density of 70%. The protection of the reconstructed body considered
the recovering and reutilization of the 40 ton tetrapods that were recovered.
© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
The Nazaré harbor (Fig. 1) is located south of the promontory, and also south of the submarine Canyon of Nazaré,
in west central coast of Portugal. This structure was built in Lizandro river estuary, which was diverted to the south,
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and most of the harbor basin was excavated in the sandy margins of the estuary. The two existing breakwaters lay on
a sandy foundation.
The harbor entrance has a width of circa 100m, at a design elevation between -7.0 and -8.0m. Later, the 2013-
2014 winter storms caused heavy siltation, and so the elevation at the entrance changed to -5.0m. The breakwaters
heads are founded at a depth of -10.0m.
The referred protection structures are rubble mound breakwaters, with a graded rock fill, protected, in the head
and adjacent sections, with 40 and 24 ton tetrapods (Fig.2). These breakwaters are prolonged by margin retentions
all along the outer harbor, and the navigation channel to the inner harbor.
Fig. 1. (a) and (b) Localization of Nazaré harbor; (c) Harbor layout.
Fig. 2. North breakwater original plant.
2. Local conditions
2.1. The Nazaré Canyon
The Nazaré submarine canyon is the largest of Europe and one of the largest in the world. As it is known,
submarine canyons can be of two types: (i) the most common of submarine canyon type is defined only in the outer
platform or near the platform border, and its activity in times of high sea level,  is quite reduced, functioning mainly
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in times of low sea level; (ii) the other type of canyon, quite rare, begins relatively near the coast, and at low waters.
Usually they are called as “gouf” type canyons, and they have an intense activity, both in low sea level times and in
high sea water levels, frequently cutting completely the sediment transport along the shore. Most Portuguese
submarine canyons, including Nazaré canyon, are of this type.
The existence of Nazaré Canyon, a few hundred meters north of the harbor, creates some particular conditions.
As it can be seen in Fig. 3, the canyon together with the local sea bottom hydrography create a refraction of the swell
waves and currents in the area. So the harbor zone is a quite protected area, as Fig.3b shows.
Fig. 3. (a) The Nazaré submarine canyon and (b) the swell refraction in this coast.
The Nazaré Canyon head has some ramifications, and one of them is directed to the harbor’s breakwaters, in
sandy soils. Comparing the hydrographic surveys of 1986 and 1997 (Fig. 4), an evolution can be observed, with a
deepening of this sea valley, and a changing of direction, more to the harbor entrance and the north breakwater. This
evolution can justify the waves that nowadays can occur are higher than the project significant wave.
Fig. 4. Evolution of the sandy sea bottom from 1986 to 1997.
2.2. The breakwaters foundation conditions
The Nazaré harbor breakwaters are founded in a sandy soil, fine to coarse graded, 2.0 m lower than the sea bottom,
and they are protected with a 2.0m wide berm. In the design assumptions, it was considered this berm should
guarantee the stability of the structure.
3. The north breakwater degradation
In 2004, the north breakwater was subject to some rehabilitation works and, till 2013, its performance was as
expected, although with some rearrangement of tetrapod blocks. As it can be seen, in a general view, in Fig 5 and,
in detail for block 56, in Fig 6, in both comparing situations with one year gap (from September 2011 to November
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2012), there were just slight rearrangements of tetrapods, and no loss of protection elements, neither by removal by
the sea waves, neither by breaking.
Fig. 5. North breakwater head: (a) September 2011; (b) November 2012.
Fig. 6. Slight movement and rearrangement of block 56: (a) September 2011; (b) November 2012.
3.1. The 2013-2014 winter consequences
As the winter of 2013-2014 was quite severe, heavy deterioration was soon observed in the north breakwater head
(Fig. 7). The significant storms begun the second half of December 2013 and, by the end of the month, the headlight
of the north breakwater head was destroyed (Fig. 8).
During January and February 2014, the stormy weather persisted and so both the breakwater’s head and first
section were completely destroyed. According the first technical inspection, it was assumed the wave direct attack
on the structure caused its ruin, along with noticeable blocks removal. It is important to notice tetrapods breaking
did not occur.
The assumption was supported by the changing of the sea bottom, with the valley linked to the canyon shifting
its position in direction to the north breakwater head (Fig. 4), and then allowing sea waves higher than those
considered in the initial design. So, it was considered the protecting blocks, mainly the tetrapod blocks, would lay
on the sea bottom, around the structure’s foundation.
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Fig. 7. Evolution of the north breakwater head :(a) Before any significant deterioration; (b) 7th January 2014.
Fig. 8. North breakwater head, end of December 2013.
3.2. The new design for rehabilitation
Taking into account the main damage observed in the northern breakwater was due to the waves action, which
significant wave height was higher than the assumed in design, a new solution for this breakwater was considered
and dimensioned, as shown in Figs. 10 and 11.
Fig. 9. Dimensioning of the Antifer protection layers.
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For the design, both the currents and wave actions were considered. The performed analysis shows the currents
do not have a significant impact in the design, as for the possible effects the safety factor is always above 4.
Then for the design of the new protection layer of the breakwater head, it was considered a protection with Antifer
blocks, as they are more robust and heavier than the existing tetrapods. The Hudson and van der Meer formulas were
used .
A sensitivity analysis was carried out using CRESS software, considering for Nod (displaced armor) three values,
Nod = 0.5, Nod = 0.7 and Nod = 1.0. The design wave was obtained from DGRM database of wave characteristics,
Ondatlas. So, a return period of 30 years was assumed, and for the bottom limitation criteria, for a 6h storm; it was
determined an Hs (significant height) of 9.0m, and a period of 19.5s. Anyway, for the sensitivity analysis, periods
ranging from 16s to 20s were considered.
Fig 9 presents the results obtained for Nod=0.5 and Nod=1.00. As it is expressed in the referred graphics,
accepting a Nod of 0.5 as suitable, it is then necessary to use Antifer blocks of 500KN (50 ton), in two layers, with
a slope of 3 (H):2(V).
Fig. 10. Layout of the north breakwater, and the different kind of armour selected for the rehabilitation works.
Fig. 11. Cross section of the rotation head of the breakwater..
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4. The rehabilitation works
The rehabilitation works begun end of August 2014, and shall be finished by the end of July 2015. The first part
of the work included the recovering of tetrapods blocks and rock blocks, as well as the preceding dredging works
the construction of the new section and head of the breakwater.
It was expected the removed block would lay on the sea bottom, around and at a some distance from the
breakwater. But the in situ verification showed a different situation.
4.1. In situ verification
It was expected that the tetrapods, as well as the rock blocks, would be scattered around the emplacement of the
old breakwater head. But the fishing boats sonar equipment did not find any evidence of that. The observation of the
wave entering the outer harbor (Fig. 12), only showed a clear deformation in the emplacement of the destroyed head.
When the recovering works begun, only four rock blocks and three tetrapods were found outside the head area.
Actually, the blocks, both the rock parts as well as the tetrapods, were buried in their foundation, in a very imbricated
way, making them extremely difficult to remove. So, it was easy to guarantee a stable foundation base for the new
head, but it was quite hard to recover the tetrapod blocks as defined in the design.
Fig. 12. The wave entering the outer harbor. Notice the changing of the wave in the broken area of the breakwater only.
4.2. Probable mechanism of rupture
The in situ observation and overall analysis of the situation suggests the probable rupture mechanism of the Nazaré
breakwater, taking into account its foundations are in a sandy soil and the stated settlement of the blocks, is a partial
liquefaction of the foundations, due to high waves and relative low permeability of the sands. Recently, as
breakwaters have been widely used, their design has been subject to a critical analysis from coastal engineers, and it
has been identified that a number of these structures have been vulnerable to liquefaction of the foundation seabed,
leading to the degradation of their structure and function in as little as a few years, and resulting often in their collapse
(Zhang et al 2012, Bonjean et al, 2004).
It is reported (Wang and Oh, 2013) that two major factors (pore water pressure and effective stress) have an
important influence in the liquefaction, or partial liquefaction of the seabed soils. Both the effective stress and the
pore water pressure vary according to the depth, and with the wave: the flow is downward at the crest of the wave
and upward below the trough. Wang and Oh (2013) stated that liquefaction depths below the crest of the wave are
higher than below the trough. The same authors have verified the existence of phase lags under wave actions,
liquefaction occurring between phase angles of π/2 and 3π/2. They proposed a model that provides a good
understanding of the mechanism of soil-wave interaction.
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So, it is known that coastal structures, like breakwaters, subject to the action of regular waves, can cause a
momentary liquefaction of seabeds, total or partial, and so cause the structures to settle. (Gratiot and Mory, 2000)
present a sensitivity analysis of the existing models, including a field experiment.
Jeng and Li (2005) recognize that the evaluation of wave-induced seabed response is a major factor in analyzing
the seabed instability around a breakwater, and stated, namely, that a liquefied area occurs often near the head of a
breakwater, and that the incident wave angles affect the pattern of liquefaction areas, but also its depth; and, as it
could be expected, that the soil types affect significantly the soil response and liquefaction. The same authors state
that liquefaction only can occur in fine sand, and not in coarse sand.
The analysis of the observation results during Nazaré north breakwater rehabilitation works, as well as the
information gathered, allow us to conclude that it is highly probable that the main ruin cause for this breakwater is
the liquefaction of its foundation sands, and not only the direct incident action of the waves on the breakwater.
So, it was considered reasonable to monitor this structure.
4.3. Proposed monitoring
The proposed monitoring system consists in measuring the pore pressure in a profile, at three depths, 1, 2 and 3m,
and to install near this vertical a wave gauge. It is expected this equipment to be installed till next summer, so the
behavior of the breakwater during next winter can be followed up.
5. Conclusion
For the destruction of the head of Nazaré north breakwater probably several mechanisms contributed.
Firstly, the wave acting on the breakwater, due to the changing in the seabed hydrography, is 2m higher than what
was considered in the structure design.
During the rehabilitation works, the evidence showed that the seabed liquefaction also had a decisive role in the
structure behavior. So, it was decided to monitor the seabed, and the wave height, so the real behavior of the seabed,
and also the real wave height acting on this structure, can be verified.
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